Background: Pyrin domains (PYDs) mediate the assembly of inflammasome complexes, but PYD interaction modes are not well characterized. Results: Interaction sites were identified on the PYD of the inflammasome adaptor protein, ASC. Conclusion: ASC PYD has multiple binding sites allowing self-association and interaction with binding partners. Significance: Understanding molecular details of inflammasome assembly may lead to development of anti-inflammatory agents.
Activation of the innate immune response to pathogens and various cellular stress signals is mediated by pattern recognition receptors that include members of the NOD-like receptor (NLR) 2 family. NLRs are characterized by the presence of a central nucleotide-binding domain and a C-terminal leucinerich repeat domain (1) (2) (3) (4) . Upon activation, certain NLRs including NLRC4, NLRP1, NLRP3, and NLRP7 assemble into caspase-1-activating complexes termed inflammasomes (5) (6) (7) (8) (9) . Inflammasomes mediate proximity-induced autoactivation of caspase-1, which subsequently cleaves prointerleukin-1␤ and prointerleukin-18 into their active forms to mediate an inflammatory response (10 -12) . Uncontrolled inflammasome activity caused by gain of function mutations in NLRP3 can cause severe damage to the body as observed in autoinflammatory syndromes such as Muckle-Wells syndrome, familial cold autoinflammatory syndrome, and neonatal onset multisystem inflammatory disease (13) . The NLRP3 inflammasome has been particularly well studied because it is activated in response to a wide range of danger and stress signals (14 -21) and has been implicated in the progression of a number of common diseases such as cardiovascular disease, type 2 diabetes, chronic kidney disease, Alzheimer disease, and gout (15, (22) (23) (24) (25) . Consequently, the NLRP3 inflammasome is a potential target for therapeutic treatment of a wide range of diseases (26, 27) . However, despite intensive research on the inflammasome, the molecular details of its assembly and regulation remain to be elucidated.
Inflammasome assembly is mediated by protein interaction domains belonging to the death fold superfamily. This large superfamily is comprised of the death domain (DD), death effector domain, caspase recruitment domain (CARD), and pyrin domain (PYD) subfamilies (28, 29) . These domains typically exhibit a characteristic six-helix bundle fold and mediate homotypic interactions between domains of the same subfamily. The NLRP subfamily of NLRs, such as NLRP1, NLRP3, and NLRP7, contain an N-terminal PYD and upon activation are proposed to oligomerize via their nucleotide binding domain and recruit the adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD) (6, 7, 9, 12) . ASC is comprised of an N-terminal PYD and a C-terminal CARD and plays a critical role in the assembly of NLRP inflammasomes (6, 7, 30) . ASC is recruited to the NLRP oligomer via a homotypic PYD interaction, whereas a homotypic CARD interaction between ASC and procaspase-1 recruits the latter to the inflammasome.
Intriguingly, ASC has been suggested to self-associate via both its PYD and CARD domains (31, 32) . However, it is not clear whether ASC self-associates upon recruitment to the inflammasome because its PYD and CARD domains are engaged in interactions with NLRP3 and procaspase-1, respectively. Furthermore, it is unclear how PYD-containing proteins such as POP1 and Pyrin (33, 34) modulate ASC function in inflammasome assembly. Apart from its role in inflammasome assembly, ASC assembles into a speck-like structure upon stimulation with apoptotic or inflammatory stimuli (35, 36) . High magnification microscopy indicates that the specks are filamentous aggregates (32) . The ASC specks induced by inflammatory stimuli, termed pyroptosomes, can induce caspase-1 activation and mediate pyroptotic cell death (36) . However, the molecular arrangement of ASC in the pyroptosome is not known.
At present, the molecular basis of PYD and CARD interactions that mediate inflammasome assembly are not known. In particular, there is no structure for a PYD complex available. The structures of various PYDs in isolation have been determined, including ASC (37), NLRP1 (38) , NLRP3 (39) , NLRP7 (40) , NLRP12 (41) , POP1 (42) , and murine NLRP10 (Protein Data Bank ID code 2DO9). Several PYDs including ASC, POP1, and NLRP3 have distinct positively and negatively charged surface patches, and this has led to the proposal that electrostatic interactions will be critical for PYD interactions (37, 39, 42) . However, the interaction sites have not been systematically mapped for any PYDs. In this study, we used a site-directed mutagenesis approach to investigate the molecular interactions of ASC PYD important for self-association, NLRP3 inflammasome assembly, and interaction with the modulatory protein POP1. Structural integrity of mutants with reduced binding was confirmed using NMR spectroscopy to demonstrate a direct role for these residues in interaction. Using the information obtained from our mutagenesis data, we generated a model of the ASC PYD homodimer that illustrates the binding mode of PYDs. We also investigated whether self-association of the ASC PYD and interaction with NLRP3 are mutual or exclusive events. Finally, we examined the effect of POP1 on ASC interaction with NLRP3. Together, our data provide new insights into the binding mode of PYDs and assembly of the pyroptosome and NLRP3 inflammasome complexes.
EXPERIMENTAL PROCEDURES
Plasmids-For expression in Escherichia coli with an N-terminal GST tag, the cDNA fragment encoding ASC PYD (residues 1-91) was subcloned into pGEX-4T-1 (GE Healthcare). For expression in E. coli with an N-terminal His 6 tag, the cDNA fragment encoding residues 1-96 of ASC was subcloned into pQE-30 (Qiagen). Specific point mutations were introduced into ASC PYD using the QuikChange site-directed mutagenesis approach (Stratagene). Full-length POP1 (residues 1-89) was subcloned into pET-21a (Novagen) for in vitro translation, and His 6 -tagged POP1 was expressed in E. coli as previously described (42) . The Pyrin PYD (residues 1-92) was subcloned into pET-28b (Novagen) for expression with a C-terminal His 6 tag. Full-length ASC (residues 1-195) was expressed in mammalian cells using pcDNA3-ASC. Full-length NLRP3 was expressed in mammalian cells with an N-terminal His 6 tag and a C-terminal FLAG tag using pcDNA3.1/His B plasmid. For expression in mammalian cells, full-length ASC, ASC PYD, and POP1 were amplified with an N-terminal Myc tag and subcloned into pcDNA3.1(ϩ) (Invitrogen). Sequences of all constructs were verified by automated DNA sequencing (Australian Genome Research Facility).
Protein Expression and Purification-His 6 -tagged proteins were expressed in E. coli BL21 cells (pQE-30 plasmid) or BL21(DE3) cells (pET plasmids). To express wild-type and mutant ASC PYDs, the cells were grown at 37°C to an optical density (A 600 nm ) of 0.4 and then induced with 1 mM isopropyl ␤-D-thiogalactopyranoside at 20°C overnight. To express POP1 and the Pyrin PYD, cells were grown at 37°C to an optical density of 1.0 and then induced with 1 mM isopropyl ␤-D-thiogalactopyranoside at 37°C for 5 h. Uniformly 15 N-and
13
C/ 15 N-labeled proteins for NMR studies were expressed in minimal medium containing 15 NH 4 Cl (1 g/liter) and [ 13 C]glucose (2 g/liter) as the sole nitrogen and carbon sources, as previously described (43) . His 6 -tagged proteins were purified using Ni 2ϩ affinity followed by size exclusion chromatography on a Sephacryl S-100 HR column (GE Healthcare). GST-ASC PYD (wild-type and mutant) fusion proteins were expressed in E. coli BL21 cells and batch-purified using glutathione-agarose beads (Sigma).
In Vitro Protein Interaction Assays-NLRP3, ASC, POP1, and Pyrin PYD were expressed in vitro using the TNT T7 coupled reticulocyte lysate system (Promega) in the presence of [ 35 S]methionine (PerkinElmer Life Sciences). The 35 S-labeled proteins were incubated with GST-tagged wild-type or mutant ASC PYD bound to glutathione-agarose in 150 l of binding buffer (50 mM HEPES pH 7.4, 50 mM NaCl, 5 mM EDTA, 0.1% Nonidet P-40, 10% glycerol). The samples were incubated for 2 h at 4°C and washed three times with 0.5 ml of binding buffer. Bound protein was eluted with SDS-PAGE sample buffer and separated by SDS-PAGE. 35 S-Labeled protein was detected by phosphorimaging. For competition binding studies, purified recombinant His 6 -tagged POP1, ASC PYD, or Pyrin PYD was added to the binding reactions.
Co-immunoprecipitation Assays-HEK 293T cells were maintained in DMEM/F-12 medium supplemented with 10% fetal bovine serum. The cells were seeded in 6-well plates and transfected using FuGENE (Promega). After incubation for 24 h, the transfected cells were lysed by syringing in a hypotonic lysis buffer (20 mM HEPES pH 7.4, 10 mM KCl, 1 mM EDTA, 0.1 mM PMSF, 2 mg/ml leupeptin, 1 mM Na 3 VO 4 , 5 mM NaF). The cell lysate was centrifuged at 10,000 ϫ g for 15 min at 4°C, and the supernatant was diluted 1:1 with 2ϫ immunoprecipitation buffer (100 mM Tris pH 7.8, 300 mM NaCl, 0.2% Nonidet P-40, 10 mM EDTA) and then filtered through a low protein binding Millex-GP 0.22-m membrane (Millipore). The resulting soluble cell lysate was precleared using protein A Dynabeads (Invit-rogen). The precleared cell lysate was incubated with 1 l of anti-Myc antibody (clone 9B11; Cell Signaling Technology) or 5 l of anti-FLAG antibody (DYKDDDDK tag antibody; Cell Signaling Technology) at 4°C overnight. Protein A Dynabeads were added to each sample, incubated for 2 h, and then washed three times with immunoprecipitation buffer (50 mM Tris pH 7.8, 150 mM NaCl, 0.1% Nonidet P-40, 5 mM EDTA). Beadbound proteins were eluted with SDS-PAGE sample buffer. Eluted proteins and cell lysates were separated by SDS-PAGE and immunoblotted using antibodies to ASC (Enzo Life Sciences), Myc tag (Cell Signaling Technology), FLAG tag (Cell Signaling Technology), and ␤-actin (Sigma-Aldrich) and developed using enhanced chemiluminescence.
NMR Spectroscopy-Samples for NMR contained 0.3-0.9 mM protein in 50 mM sodium phosphate pH 4.0, and 150 mM NaCl. NMR spectra were acquired at 25°C on a Bruker Avance 750 MHz spectrometer equipped with a z-shielded gradient triple resonance probe. NMR spectra were processed with NMRPipe (44) and analyzed using CcpNmr (45 HADDOCK Modeling-Modeling the ASC PYD homodimer structure was performed using the HADDOCK (High Ambiguity Driven protein-protein DOCKing) web server (48) . The ASC PYD structure (Protein Data Bank ID code 1UCP) (37) was used as the starting structure for docking calculations. Active residues were defined based on mutagenesis data from this study and surface accessibility (Ͼ27% exposed to solvent). Residues Lys-21 and Arg-41 were defined as active residues for one ASC PYD molecule, whereas residues Glu-13, Asp-48, and Asp-51 were designated active residues for the second molecule. Passive residues were defined automatically. A total of 1000 complex structures were calculated using rigid body docking, with the best 200 structures subjected to further refinement and cluster analysis. The lowest energy cluster was chosen to represent the structure of the ASC PYD homodimer. Coordinates of the ASC PYD homodimer structure have been deposited in the Protein Model Data Base with the identification number PM0078339.
RESULTS
Overlapping Binding Sites on the ASC PYD Mediate Self-association and Interaction with NLRP3 and POP1-Because the ASC PYD mediates self-association, as well as ASC recruitment to NLRP3 and interaction with the modulatory protein POP1, we were interested to understand the binding mode for each of these different interactions. Although previous studies have suggested that highly charged surface patches are important for ASC PYD interactions (31, 37, 49), we used an unbiased approach to design 16 alanine point mutations that span the surface of the ASC PYD to explore all potential modes of interaction. Only surface-exposed residues with a solvent accessibility greater than 27% were selected for mutagenesis to minimize any structural perturbations, and approximately two residues per helix were mutated to cover the entire surface (Fig. 1A) . To assess the effect of mutations on the different interactions, wild-type and mutant ASC PYDs were expressed as GST fusion proteins and used in binding assays with in vitro translated ASC, NLRP3, or POP1. Interestingly, four point mutations (K21A, R41A, D48A, and D51A) abolished all interactions with ASC, whereas a fifth mutation (E13A) markedly reduced all interactions ( Fig. 1, B-D) . In addition, five other mutations (R3A, D10A, R38A, D54A, and Q84A) also diminished interaction with POP1 ( Fig. 1D ) but did not disrupt ASC self-association or NLRP3 binding.
To verify the importance of the five key residues (Glu-13, Lys-21, Arg-41, Asp-48, and Asp-51) for ASC PYD interactions, we tested the effect of mutating these residues on interactions of full-length ASC in a more physiologically relevant context. Co-expression of NLRP3, ASC, and procaspase-1 in HEK 293T cells has been shown to reconstitute a functionally active inflammasome (7), although HEK 293T cells normally do not express inflammasome components. Thus we used this cell line to study ASC interactions. Wild-type or mutant full-length ASC was co-expressed in HEK 293T cells with either FLAGtagged NLRP3, Myc-tagged POP1 or Myc-tagged ASC, and the ability of ASC to co-immunoprecipitate with these proteins was tested. Consistent with the in vitro binding data, the five core mutations (E13A, K21A, R41A, D48A, and D51A) all disrupted the ability of ASC to co-immunoprecipitate with NLRP3 and POP1 (Fig. 2, A and B ). An E67A mutation that did not affect interactions of the ASC PYD in vitro also did not disrupt coimmunoprecipitation of ASC with NLRP3 and POP1 (Fig. 2, A and B). When interaction with Myc-tagged full-length ASC was examined, although the ASC mutants showed diminished binding compared with wild-type ASC (Fig. 2C ), some interaction was retained. Because the CARD domain of ASC is known to contribute to ASC self-association (32), it is likely that the CARD-mediated interaction allows partial retention of ASC self-association. To eliminate CARD-mediated effects, the ability of wild-type or mutant full-length ASC to co-immunoprecipitate with Myc-tagged ASC PYD was tested. These data showed the core mutations (E13A, K21A, R41A, D48A, and D51A) completely abolished the interaction between fulllength ASC and Myc-tagged ASC PYD, although the E67A mutant retained interaction (Fig. 2D ).
We noted that there was a variation in the level of ASC in the soluble cell lysates, with cells expressing wild-type ASC or the E67A mutant having the lowest levels. However, the expression levels of ASC in the total cell lysates were similar (supplemental Fig. S1 ). Because ASC forms aggregates in vivo (35) , we surmise that a large fraction of wild-type and E67A ASC form insoluble aggregates, whereas the binding-defective ASC mutants are more soluble because of decreased self-association. This is consistent with previous studies using fluorescence microscopy to demonstrate that mutations K21A, R41A, D48A, and D51A are defective in ASC filament formation (31). Similarly, the reduced level of FLAG-tagged NLRP3 in the soluble lysate from cells expressing wild-type or E67A ASC is likely due to the formation of insoluble complexes of NLRP3 with wildtype or E67A ASC and to a much lesser extent with the binding-defective ASC mutants. This is consistent with the formation of large complexes of NLRP3 and ASC upon coexpression in HEK 293T cells that have been observed by microscopy (50) .
ASC PYD Contains Two Distinct Binding Sites-Of the five key residues important for interactions mediated by the ASC PYD, two residues (Lys-21 and Arg-41) are located in helices ␣2 and ␣3 (Fig. 3A) , and cluster within a positively charged surface (Fig. 3B) . The other three residues (Glu-13, Asp-48, and Asp-51) are present in helix ␣1, ␣3-␣4 loop, and helix ␣4 (Fig. 3A) and are located within a negatively charged surface (Fig. 3B ). These two highly charged patches are adjacently located in the ASC PYD structure. The additional residues required for POP1 interaction (Arg-3, Asp-10, Arg-38, Asp-54, and Gln-84) are located close in sequence or in space to the key residues required for binding (Fig. 3A) . Residues Asp-10 and Asp-54 are within the negatively charged patch, whereas Arg-38 is part of the positively charged surface (Fig. 3B) . Residues Arg-3 and Gln-84, which have mild effects on POP1 interaction when mutated, are located on the periphery of the negatively charged binding surface.
Because the residues selected for mutagenesis were highly surface exposed, the mutations were not expected to disrupt the structure of the ASC PYD. However, we could not discount effects on protein conformation, and therefore we assessed the structural integrity of the ASC PYD mutants that affected interactions using NMR spectroscopy.
15 N-Labeled wild-type and mutant ASC PYDs were analyzed by comparing their two-dimensional 1 H-15 N HSQC spectra (supplemental Fig. S2 ). The peaks corresponding to each residue in wild-type ASC PYD were assigned using standard triple resonance experiments (46) and are labeled in supplemental Fig. S2A . Comparison of the HSQC spectra of the binding-deficient mutants (E13A, K21A, R41A, D48A, and D51A) with wild-type ASC PYD demonstrated that the mutant proteins are correctly folded, with only minor shifts in the peaks of residues that are close in sequence or space to the mutation sites (supplemental Fig.  S2, B-F) . For example, the K21A mutation in helix ␣2 induced very small shifts (⌬␦ Ͻ 0.005 ppm) in residues Glu-18, Leu-20, Phe-23, Lys-24, Leu-25, and Leu-27, which are close in sequence, as well as in residues Ala-43, Leu-44, Leu-45, Ser-46, and Asp-48, which are close in space on helix ␣3 and the ␣3-␣4 loop.
NMR analysis of the additional ASC PYD mutants (R3A, D10A, R38A, and D54A) that affected interaction with POP1 showed that the R3A, D10A, and D54A mutations only induced minor shifts in a few residues that were close to the mutation site (supplemental Fig. S3, A, B, and D) . However, the R38A mutation in the ␣2-␣3 loop caused numerous shifts as well as the disappearance of several peaks (supplemental Fig. S3C ) that (37) with locations of the residues mutated in this study indicated. The residues mutated include Arg-3, Asp-10, and Glu-13 (helix ␣1); Glu-18 and Lys-21 (helix ␣2); Glu-34 and Arg-38 (␣2-␣3 loop); Arg-41 (helix ␣3); Asp-48 (␣3-␣4 loop); Asp-51 and Asp-54 (helix ␣4); Thr-63, Glu-67, and Arg-74 (helix ␣5); and Glu-80 and Gln-84 (helix ␣6). B-D, purified bead-bound wild-type or mutant GST-ASC PYD or GST alone were used in binding assays with in vitro translated [
35 S]methionine-labeled ASC (B), NLRP3 (C), or POP1 (D). Bound protein was eluted with SDS-PAGE sample buffer and subjected to SDS-PAGE. GST-ASC PYD was detected by Coomassie stain, whereas 35 S-labeled proteins were detected by phosphorimaging. An amount representing 10% of the input of in vitro translated protein used for binding studies is shown. Note that the upper band in the lanes containing NLRP3 is attributed to formation of a high molecular weight aggregate.
mainly correspond to residues in helices ␣4 and ␣5, which are in contact with the ␣2-␣3 loop. This suggests a structural perturbation in the vicinity of the mutation.
NMR studies of ASC PYD were undertaken at pH 4 because the protein has a tendency to self-associate and aggregate at neutral pH (37) . Low pH conditions gave rise to a monomeric species as indicated by uniform narrow line widths in the HSQC spectra (supplemental Fig. S2 ). Attempts to further validate the residues important for ASC interactions using NMR chemical shift mapping at neutral pH were unsuccessful because of precipitation of ASC PYD.
Binding Mode of the ASC PYD-We postulate that the two binding sites with opposing charges (Fig. 3B) interact to mediate ASC self-association. To generate a model for dimerization of ASC PYD, we used the molecular docking program HAD-DOCK (48) . Residues on the positively charged surface (Lys-21 and Arg-41) were defined as active residues for one ASC PYD molecule, whereas residues on the negatively charged surface (Glu-13, Asp-48, and Asp-51) were designated active residues for the second molecule. All of these residues are surface-exposed (Ͼ27% solvent accessibility), and alanine mutation of were co-transfected with plasmids expressing either FLAG-tagged NLRP3 (A), Myc-tagged POP1 (B), Myc-tagged full-length ASC (C), or Myc-tagged ASC PYD (D) in HEK 293T cells. FLAG-or Myc-tagged proteins were immunoprecipitated (IP) with appropriate antibodies, and the immunoprecipitated complexes were analyzed by Western blotting. NLRP3 was detected using an anti-FLAG antibody, POP1 was detected using an anti-Myc antibody, full-length ASC was detected using an anti-ASC antibody, and Myc-tagged ASC PYD was detected using an anti-Myc antibody. The level of ␤-actin was used as an internal loading control and was detected using an anti-␤-actin antibody. (52) . In both A and B, the subunit using helices ␣2 and ␣3 for interaction is shown in a similar orientation. Acidic (red) and basic residues (blue) important for interaction are indicated.
these residues disrupted interaction without any effect on structure.
Analysis of the ASC PYD homodimer model (Fig. 4A ) using PISA (51) showed that the interface comprises Glu-18, Lys-21, Lys-22, Leu-25, Lys-26, Arg-41, and Met-76 from one molecule and Glu-13, Thr-16, Ala-17, Lys-24, Ser-46, Asp-48, Ala-49, Leu-50, and Asp-51 from the second molecule. The interaction appears to be dominated by electrostatic contacts and hydrogen bonding with a smaller contribution from hydrophobic side chains. Overall the observed interactions are in good agreement with the mutagenesis data. Interestingly, the structure resembles the CARD interaction between Apaf-1 and procaspase-9 ( Fig. 4B ) in which helices ␣2 and ␣3 of Apaf-1 interact with helices ␣1 and ␣4 of procaspase-9 (52). However, there are some differences between the PYD and CARD complexes because of structural differences between the CARD and PYD domains. In CARD domains, helix 1 is bent, and this allows the procaspase-9 CARD to mediate a greater contact area with helices ␣2 and ␣3 of Apaf-1 (Fig. 4B) . Consistent with this, the buried surface area of the CARD complex is 1100 Å 2 , whereas the buried surface area of the ASC PYD homodimer is 636 Å 2 .
In addition, the orientation of helices ␣2 and ␣3 are almost parallel to helices ␣1 and ␣4 in the CARD complex, but in the ASC PYD homodimer helices ␣2 and ␣3 are perpendicular to helices ␣1 and ␣4. Thus in the PYD complex only the C terminus of helix ␣1 and the N terminus of helix ␣4 of one PYD contact helices ␣2 and ␣3 of the second PYD. Interestingly, the docking model shows that the PYDs of the homodimer are oriented to enable the two interaction sites of each subunit to engage in further independent interactions (Fig. 4A ) either to build a higher order ASC oligomer or to interact with other binding proteins.
Residues Important for ASC PYD Interactions Are Conserved in NLRP3 and POP1-The key residues for ASC PYD self-association, as well as interaction with NLRP3 and POP1, are shared, suggesting that the mode of interaction of ASC PYD with NLRP3 and POP1 is similar to the mode of self-association. To investigate this further, we performed a sequence alignment of the PYDs of ASC, POP1, and NLRP3 to ascertain whether the residues important for interactions of the ASC PYD are conserved (Fig. 5A) . Notably, all five key residues are identical in the PYDs of NLRP3 and POP1. Furthermore, a structural alignment of the ASC, POP1, and NLRP3 PYDs showed that the spatial arrangement of these residues in the structures is very similar (Fig. 5B) . These data are consistent with a conserved binding mode of the ASC PYD with these (42) , and NLRP3 (Protein Data Bank ID code 3QF2) (39) were aligned using PyMOL, and the residues important for interaction of the ASC PYD are indicated with acidic residues in red and basic residues in blue. C, surface electrostatic potential of the PYDs of ASC, POP1, and NLRP3 shown in the same orientation as B.
PYDs. There are, however, some differences in the surface electrostatics of these different PYDs. In particular, the positive surface of NLRP3 is markedly less contiguous (Fig. 5C ). The differences in electrostatics and shape of the PYDs are likely to dictate their binding specificity.
ASC Self-association Promotes Interaction with NLRP3 but Inhibits
Interaction with POP1-Because the residues on ASC PYD that were important for self-association were also required for interaction with NLRP3 and POP1, we tested whether selfassociation of the ASC PYD is compatible with NLRP3 or POP1 binding. Bead-bound GST-ASC PYD was incubated with in vitro translated NLRP3 or POP1 alone or in the presence of increasing concentrations of soluble ASC PYD. As expected, there was increased self-association of the soluble ASC PYD with the bead-bound GST-ASC PYD as the concentration of soluble ASC PYD was increased. The binding of POP1 to beadbound GST-ASC PYD was diminished in the presence of selfassociated ASC PYD (Fig. 6A) , which is consistent with POP1 and soluble ASC PYD competing for interaction with GST-ASC PYD. In contrast, interaction of NLRP3 with GST-ASC PYD appeared to be promoted in the presence of self-associated ASC PYD (Fig. 6B) . The increased binding of NLRP3 in the presence of self-associated ASC PYD was more evident when an increased amount of bead-bound GST-ASC PYD and soluble ASC PYD were used in the assay (Fig. 6C) . There was some precipitation of soluble ASC PYD, based on nonspecific binding to GST when the highest amount of soluble ASC PYD was used (26 g of ASC PYD; Fig. 6C ). Interestingly, the precipitated ASC PYD aggregates could also mediate interaction with NLRP3. However, this was insignificant compared with the increased interaction with NLRP3 that was mediated by self-association of ASC with GST-ASC PYD. These data are consistent with oligomerized ASC PYD interacting with NLRP3.
ASC Interaction with NLRP3 Is Retained in the Presence of POP1-Although POP1 is proposed to function as a modulator of the inflammasome (33), the effect of POP1 on interaction of ASC with NLRP3 has not been tested. Because the ASC PYD appears to use the same residues to interact with POP1 and NLRP3 (Fig. 1) , POP1 may inhibit interaction between ASC PYD and NLRP3. To test this hypothesis, bead-bound GST-ASC PYD was incubated with in vitro translated NLRP3 in the presence of increasing concentrations of purified recombinant POP1. No decrease in the amount of NLRP3 bound to GST-ASC PYD was observed even in the presence of a 10-fold excess of POP1 compared with GST-ASC PYD (Fig.  7, A and B) . In contrast, the binding of NLRP3 to bead-bound GST-ASC PYD was decreased in the presence of purified Pyrin PYD (Fig. 7C) . This is consistent with previous studies showing that Pyrin can inhibit the interaction between ASC and NLRP3 (53) . In an alternative approach, we co-expressed NLRP3 and ASC in HEK 293T cells in the presence or absence of POP1 and tested the ability of ASC to co-immunoprecipitate with NLRP3. In agreement with the GST pulldown assay, POP1 did not inhibit the ability of ASC to coimmunoprecipitate with NLRP3 (Fig. 7D) .
DISCUSSION
Assembly of oligomeric complexes that function in inflammatory and apoptotic signaling pathways is largely mediated by protein interaction domains of the death fold superfamily (28, 29) . These domains mediate the recruitment of effector molecules, such as caspases and kinases, to oligomeric platforms allowing them to come into close proximity to gain activity 35 S]methionine-labeled NLRP3. The final volume of the binding reactions was 1 ml, and 10 times more bead-bound protein than in A and B was used. In A-C, bound proteins were eluted with SDS-PAGE sample buffer and subjected to SDS-PAGE. GST, GST-ASC PYD, and soluble ASC PYD were detected by Coomassie stain, whereas 35 S-labeled proteins were detected by phosphorimaging. An amount representing 10% of the input of in vitro translated protein used for binding studies is shown. (54 -56) . The NLRP3 inflammasome is assembled via PYD and CARD interactions to promote caspase-1 activation (7), but its structure is poorly characterized. ASC is a critical adaptor protein that bridges the interaction between the NLRP3 oligomer and procaspase-1 (7). ASC also self-associates to form a caspase-1-activating platform termed the pyroptosome (36) . To gain insights into the interaction modes of PYDs and the molecular architecture of the inflammasome and pyroptosome complexes, we investigated the molecular basis of ASC PYD interactions. The binding surfaces of ASC PYD required for self-association, recruitment to NLRP3, and interaction with POP1 were identified using site-directed mutagenesis. Residues Glu-13, Asp-48, and Asp-51 in the negatively charged surface and residues Lys-21 and Arg-41 in the positively charged surface of ASC PYD were critical for all three interactions. Because the two charged surfaces are located on opposite sides of ASC PYD, there are at least two distinct binding sites that mediate interactions. Furthermore, we show that ASC PYD can use these two sites to simultaneously engage in self-association and interaction with NLRP3.
Construction of a model for the homodimeric complex between ASC PYDs revealed how residues Lys-21 and Arg-41 in helices ␣2 and ␣3 of one PYD interact with residues Glu-13, Asp-48, and Asp-51 in helix ␣1, the ␣3-␣4 loop, and helix ␣4 of another PYD. Notably, these residues are conserved in ASC from diverse species (supplemental Fig.  S4 ), supporting an important role for these residues. The homodimer interface resembles a type I interaction, which is one of three conserved interaction types found in complexes formed by domains of the death fold superfamily (29) . The type I interaction was originally described for the Apaf1⅐procaspase-9 CARD complex (52) and has subsequently been found between DD subunits in other complexes including the PIDDosome, a caspase-2-activating complex assembled in response to DNA damage (54) , and the Myddosome assembled during Toll-like receptor signaling (55) , as well as the Fas⅐FADD complex formed during death receptor signaling (56) . The type I interaction in these complexes mediates self-association of DDs, as well as interactions with complementary DDs in binding partners.
Our finding that residues Asp-48 and Asp-51 in the negatively charged surface and residues Lys-21 and Arg-41 in the positively charged surface of the ASC PYD are important for self-association is in good agreement with a previous study showing that mutation of these residues prevented assembly of the ASC PYD into filaments (31) . In contrast, we also identified a role for Glu-13 in helix ␣1 for ASC PYD self-association. However, the E13A mutation only partially disrupted self-association in our assay; thus it may not noticeably diminish filament formation in vivo. A second discrepancy between our data and the previous study is in the role of Leu-25, which was reported to be important for ASC PYD filament formation (31). Our study does not support a critical role for this residue, because Leu-25 can be replaced by alanine without affecting self-association (supplemental Fig. S5A ). However, Leu-25 is spatially close to Lys-21 and Arg-41 (supplemental Fig. S5D ) and potentially contacts other hydrophobic residues (Ala-49 and Leu-50) in the adjacent ASC PYD.
Interestingly, when we generated a model for oligomerization of the ASC PYD via the type I interface present in the homodimer model, we found that ASC PYDs form a helical-like arrangement with three PYDs per turn (Fig. 8) . This complex can be extended to form a filament and explains the propensity 35 S]methionine-labeled NLRP3 alone or in the presence of increasing concentrations of purified POP1 (A and B) or purified Pyrin PYD (C). Bound protein was eluted with SDS-PAGE sample buffer and subjected to SDS-PAGE. GST-ASC PYD, purified POP1, and purified Pyrin PYD were detected by Coomassie stain, whereas 35 S-labeled proteins were detected by phosphorimaging. D, ASC was co-expressed with FLAG-tagged NLRP3 in the presence or absence of Myc-tagged POP1. Cells were transfected with two different concentrations of ASC to increase the probability of detecting an effect. NLRP3 was immunoprecipitated (IP) with an anti-FLAG antibody, and the immunoprecipitated complexes were analyzed by Western blotting. NLRP3 was detected using an anti-FLAG antibody, POP1 was detected using an anti-Myc antibody, and full-length ASC was detected using an anti-ASC antibody.
of the ASC PYD to form filaments in vivo (31, 32) . Consistent with previous observations that full-length ASC also forms filamentous aggregates in vivo (32), we were also able to generate a hypothetical model of full-length ASC assembled into a filament via PYD interactions (supplemental Fig. S6 ). In this model, the CARD domains are oriented away from the ASC PYD filament and do not interfere with assembly. Because the CARD and PYD are separated by a flexible linker, the CARD is free to engage in independent interactions (57) . In addition to interaction with procaspase-1, the CARDs may contribute to self-association and thus further stabilize the ASC filament. Assembly of ASC into such a filament is also in agreement with a previous study suggesting that the ASC pyroptosome is an oligomer of ASC dimers (36) .
The interaction of ASC PYD with POP1 is likely to share a similar binding mode to ASC PYD self-association. POP1 has high sequence identity to ASC PYD (64%), and the genes encoding both proteins are proposed to have arisen by gene duplication (33) . Moreover, POP1 binding and ASC self-association are competitive interactions. Our data based on in vitro GST pull-down assays as well as co-immunoprecipitation in HEK 293T cells clearly demonstrate that mutation of residues on both the positive and negative surfaces of ASC PYD also disrupt interaction with POP1. However, a previous study using NMR spectroscopy to map the surface of ASC PYD that interacts with POP1 proposed a role for residues Asp-6, Glu-13, Asp-48, and Asp-D54 on the negative surface but did not find any evidence of a role for residues in the positively charged surface (49) . Notably, an L25A mutant was used in this study to improve the solubility of ASC PYD (49) . However, our in vitro binding data show that the L25A mutation diminishes interaction of ASC PYD with POP1 (supplemental Fig. S5C) ; thus it is not surprising that only very small chemical shift changes (⌬␦ Ͻ 0.07 ppm) were detected upon titration of 15 N-labeled ASC PYD (L25A) with POP1. Interestingly, the same study (49) showed that mutagenesis of Lys-21 (K21A) and Arg-41 (R41W) in the positive surface also diminished interaction of ASC PYD with POP1. This observation was proposed to be via a transduced effect, whereby conformational changes at one surface are communicated to the other surface through the hydrophobic core. However, our data indicate that R41A and K21A mutations do not perturb the structure, suggesting that residues in the positive surface of ASC PYD also directly interact with POP1. We postulate that POP1 can interact with both surfaces of the ASC PYD in the same manner that ASC PYD forms a filament, and thus POP1 is likely to insert into an ASC filament. In support of this hypothesis, POP1 is recruited to ASC specks when co-expressed with ASC (33) . In contrast to the competitive nature of POP1 binding, ASC self-association promotes NLRP3 interaction. This observation raises the possibility that mutations disrupting ASC PYD selfassociation may indirectly disrupt interaction with NLRP3. However, no additional mutations in ASC PYD disrupt interaction with NLRP3, and residues important for ASC PYD interactions are conserved in NLRP3 PYD. These observations suggest a similar binding mode to the ASC PYD homodimer. Moreover, because each ASC PYD of the homodimer retains an available interaction site, ASC PYD self-association and interaction with NLRP3 are not mutually exclusive. Indeed, we generated a model that demonstrates how the ASC PYD homodimer can interact with two NLRP3 PYDs (supplemental Fig. S7 ). The ability of ASC PYDs to self-associate while interacting with NLRP3 is expected to allow the ASC CARD domains to recruit procaspase-1 and induce its activation. Although our model explains how the ASC PYD can self-associate and interact with NLRP3 PYDs, detailed mapping of interaction sites on NLRP3 PYD are required to validate the model. The differential effects of ASC self-association on interaction with NLRP3 and POP1 are likely due to the oligomerization states of NLRP3 and POP1. Because NLRP3 assembles into an oligomer (6), its interaction with ASC PYD is likely to be promoted by self-association because of increased contacts between self-associated ASC and the NLRP3 oligomer as in our model. However, because POP1 is a monomer (42) , ASC selfassociation does not promote its interaction. The fact that overlapping sites on ASC PYD interact with POP1 and NLRP3 suggested that POP1 may inhibit interaction of ASC with NLRP3. However, we found that addition of POP1 had no effect on the interaction between ASC and NLRP3. POP1 may have a lower affinity for ASC than NLRP3 and thus may not function as an inhibitor of inflammasome assembly. In agreement with our data, previous studies have shown that POP1 does not inhibit IL-1␤ secretion upon co-expression with NLRP3, ASC, and procaspase-1 but instead promotes it (33) . Moreover, because ASC is known to interact with the IKK complex (58), POP1 may modulate this other aspect of ASC function.
The residues important for ASC PYD interaction are not all conserved in the PYDs of NLRP1, NLRP7, NLRP10, and NLRP12 (supplemental Fig. S8, A and B) . However, the PYDs of NLRP7, NLRP10, and NLRP12 do contain positively and negatively charged patches at similar locations, although they are less pronounced (supplemental Fig. S8C ). For example, in the NLRP7 and NLRP12 PYDs, a hydrophobic patch interrupts the positive surface (supplemental Fig. S8C ). Nonetheless, both NLRP7 and NLRP12 appear to retain the ability to interact with ASC (9, 59). The electrostatic surface of NLRP1 is considerably different from that of the ASC PYD (supplemental Fig. S8C) ; nonetheless it also binds ASC (6). In addition, although POP1 and NLRP3 contain the core residues required for ASC PYD interaction, they do not interact with each other (Fig. 7D ). This suggests that additional residues surrounding the core interaction sites identified here will modulate interactions and direct specificity. Therefore, although this study has given critical insights into the interaction mode of the PYD, additional studies will be required to fully understand the range of interaction modes mediated by PYDs.
Because a single binding site on the ASC PYD is insufficient to mediate a stable interaction with a binding partner, this suggests that PYD interactions are low affinity individual interactions that are strengthened upon oligomerization to increase binding avidity. The requirement for protein oligomerization is a recurring theme in the assembly of complexes mediated by members of the death fold superfamily such as the apoptosome (60), PIDDosome (54), Myddosome (55) , and Fas⅐FADD DD complex (56) . In each case, an oligomeric platform recruits successive components. For example, the apoptosome is built upon heptameric Apaf-1, which has a much higher affinity for procaspase-9 than the isolated Apaf-1 CARD (61) . Similarly, during assembly of the Myddosome, MyD88 is recruited by activated Toll-like receptors and upon oligomerization recruits IRAK4 (62) . The ability of ASC to self-associate and interact with NLRP3 indicates that ASC self-association may promote clustering of downstream recruited procaspase-1 as observed in other complexes where components cluster to allow activation of the terminally recruited effector molecules (63) . Thus our study identifies many similarities between the roles of the PYD and other death fold domains in the assembly and activation of oligomeric signaling complexes. A   G42  G83  T89   G37   A96   G65   G77   G2   G35   *   G94   E13  E62   E18   *   A17   L20   L56  L68  A43   L15   T63  T16  S46   M47   A66   N14   L28   T69  V57   *   L12  S93   *   R5 N71  S58   D10  Y60  L45 L25  M76  D6  L44 D54 Y36   A11   K24  T53  D51  L73  Q86 
